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of miRNA-regulatory networks unveils
their potential roles in sugarcane response
to Sorghum mosaic virus infection
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Abstract

Background: Sugarcane mosaic disease (SMD) is a major viral disease of sugarcane (Saccharum spp.) worldwide.
Sorghum mosaic virus (SrMV) is the dominant pathogen of SMD in the sugarcane planting areas of China. There is no
report on miRNAs and their requlatory networks in sugarcane response to SrMV infection.

Results: In this study, small RNA sequencing (sRNA-seq) of samples from the leaves of SMD-susceptible variety
ROC22 and -resistant variety FN39 infected by SrMV was performed. A total of 132 mature miRNAs (55 known miRNAs
and 77 novel miRNAs) corresponding to 1,037 target genes were identified. After the SrMV attack, there were 30 dif-
ferentially expressed miRNAs (17 up-regulated and 13 down-regulated) in FN39 and 19 in ROC22 (16 up-regulated
and 3 down-regulated). Besides, there were 18 and 7 variety-specific differentially expressed miRNAs for FN39 and
ROC22, respectively. KEGG enrichment analysis showed that the differentially expressed miRNAs targeted genes
involved in several disease resistance-related pathways, such as mRNA surveillance, plant pathway interaction, sulfur
metabolism, and regulation of autophagy. The reliability of sequencing data, and the expression patterns / regula-
tion relationships between the selected differentially expressed miRNAs and their target genes in ROC22 and FN39
were confirmed by quantitative real-time PCR. A regulatory network diagram of differentially expressed miRNAs and
their predicted target genes in sugarcane response to SrMV infection was sketched. In addition, precursor sequences
of three candidate differentially expressed novel miRNAs (nov_3741, nov_22650 and nov_40875) were cloned from
the ROC22 leaf infected by SrMV. Transient overexpression demonstrated that they could induce the accumulation of
hydrogen peroxide and the expression level of hypersensitive response marker genes, salicylic acid-responsive genes
and ethylene synthesis-depended genes in Nicotiana benthamiana. It is thus speculated that these three miRNAs may
be involved in regulating the early immune response of sugarcane plants following SrMV infection.

Conclusions: This study lays a foundation for revealing the miRNA regulation mechanism in the interaction of
sugarcane and SrMV, and also provides a resource for miRNAs and their predicted target genes for SrTMV resistance
improvement in sugarcane.
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Background

Sugarcane mosaic disease (SMD), an important viral
disease of sugarcane worldwide, affects the yield and
sugar content of sugarcane (Saccharum spp.) [1]. In
China, SMD was first reported in 1968 and became
one of the most serious diseases threatening the devel-
opment of the sugarcane industry [2]. There are three
main pathogens of SMD which belong to Potyviridae,
including Sugarcane mosaic virus (SCMV), Sorghum
mosaic virus (StMV) and Sugarcane streak mosaic
virus (SCSMV). As reported, these three pathogens
can infect sugarcane either alone or together [1, 3]. The
main pathogen of SMD in China is StMV, followed by
SCSMYV which is mainly distributed in Yunnan and has
the mixed infection ability [3, 4].

MicroRNA (miRNA), a type of single-stranded non-
coding endogenous small RNA (sRNA) with a length of
20-25 nt, is cut from a single-stranded RNA precursor
(pri-miRNA) with a length of 70-80 nt [5]. It can regu-
late gene expression and participate in plant disease
resistance through complementary pairing with its tar-
get genes [5]. Xia et al. [6] found that 367 miRNAs were
profiled in Zea mays and most of them were differentially
expressed after SCMV infection. Niu et al. [7] reveals
that miR159 targets the P69 gene of Turnip mosaic virus
(TuMV) and HC-Pro gene of Tymovirus (TYMV), and
miR159-expressing transgenic Arabidopsis thaliana
plants can resist infection from both viruses. Luan et al.
[8] speculated that miR6027 and miR476b of Lycopersi-
con esculentum Mill may be involved in the regulation of
silent plant immune response, thereby conferring tomato
resistance to Phytophthora infestans. Boccara et al. [9]
revealed that the resistance of miR472 mutant Arabi-
dopsis plants to Pseudomonas syringae was significantly
enhanced, while the transgenic plants overexpressing
miR472 was more sensitive. It is interesting that miRNA
is also related to virus-induced gene silencing [10]. Virus-
mediated post-transcriptional silencing is one of the
most important mechanisms by which plants resist viral
infection, but some viruses can disrupt their antiviral
defense mechanisms by interfering with plant miRNA
expression [10]. For example, the post-transcriptional
gene silencing suppressor AC4 encoded by African cas-
sava mosaic virus (ACMYV) can bind to miR159, interfere
with its regulation of target genes, and affect the growth
and development of Arabidopsis [11].

In sugarcane, a SCSMV miRNA (miR16) and its 19 tar-
get genes were identified by Viswanathan et al. [12]. Fur-
ther, they indicated that miR16 plays a regulatory role by
cleaving target genes to establish a virus living environ-
ment and resist the host defense response [12]. Ling et al.
[13] demonstrated that protein phosphatase 2A (PP2A)
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gene and miR159 constituted the best single sugarcane
reference gene / miRNA under SrMV infection. Till now,
the systematic identification of miRNAs and their regula-
tory networks in sugarcane response to STMV infection
has not yet been reported.

In the present study, the SMD-resistant variety FN39
and -susceptible variety ROC22 were used to construct a
miRNA library of sugarcane responding to StMV infec-
tion by small RNA sequencing (sRNA-seq). According
to the changes in miRNA expression abundance, the dif-
ferentially expressed miRNAs and their corresponding
target genes induced by SrMV infection were identified.
Quantitative real-time PCR (qRT-PCR) was then used
to detect the expression level of 12 selected differentially
expressed miRNAs and their 15 predicted target genes in
ROC22 and FN39 infected by SrMV. Moreover, precur-
sor sequences of three candidate differentially expressed
novel miRNAs (nov_3741, nov_22650 and nov_40875)
were cloned from sugarcane and their preliminary roles in
immune responses were verified by transient overexpres-
sion in Nicotiana benthamiana. This study helps to reveal
the molecular mechanism of miRNAs regulating sugar-
cane disease resistance and susceptibility under SrMV
infection and provides a reference for sugarcane disease
resistance breeding.

Results

Categories of SRNAs, and size and first base distribution

of miRNAs in sugarcane infected by SrMV

A total of 174.71 M clean reads was generated from the
12 sugarcane samples. The clean data of each sample was
above 12.30 M and accounted for more than 60% of the raw
reads, and the average value of Q30 was above 91% (Table
S1), indicating that the sequencing data meets the subse-
quent analysis. The classification and annotation results
showed that the clean reads can be classified into riboso-
mal RNA (rRNA), small nucleolar RNA (snoRNA), transfer
RNA (tRNA), repeat sequence (Repbase) and unannotated
reads (Table S2). After comparison, 132 mature miRNAs
including 38 miRNA families were obtained, of which
55 were known miRNAs and 77 were novel miRNAs. To
exclude the influence of SrMV miRNAs, all the identi-
fied miRNAs were compared with the genome of SrMV.
The align results showed that the sequences of these 132
miRNAs did not match the STMV genome sequence. The
length of the identified miRNAs was mainly 21 nt (44.70%)
and 24 nt (25%) (Fig. 1A). Figure 1B showed that the 5’
terminal nucleotide of 21 nt miRNAs was mainly biased
towards U, while that of the 24 nt miRNAs was mainly
biased towards A, which was consistent with the previous
reports that the 5’ terminal nucleotide of plant miRNAs has
a certain preference for A/U base [14, 15].
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Fig. 1 Relative frequency of length (A) and 5'terminal nucleotide (B) of miRNA sequences in libraries prepared from sugarcane varieties ROC22 and
FN39 infected by Sorghum mosaic virus. The y-axis shows the percentage of reads; the x-axis shows the sequence size, from 18 to 25 nt

The differentially expressed miRNAs in the sugarcane SMD
resistant variety were more than that in the susceptible
variety infected by SrMV

Among the 132 miRNAs, 37 differentially expressed miR-
NAs between the control and treatment groups of two
sugarcane varieties were screened. Interestingly, after
SrMV infection, the number of differentially expressed
miRNAs in the resistant variety FN39 (30) was more than

that of the susceptible variety ROC22 (19). There were 17
up- and 13 down-regulated differentially expressed miR-
NAs in FN39, including 12 known miRNAs and 18 novel
miRNAs (Fig. 2 and Table S3). In ROC22, there were 16
up- and 3 down-regulated differentially expressed miR-
NAs, including 8 known and 11 novel miRNAs. The
number of common differentially expressed miRNAs
between ROC22 and FN39 was 12, while the number of

ROC22 FN39
Down Up Down
3 17 13
' )
7/ 12 18
ROC22 FN39
Fig. 2 The differentially expressed miRNAs in susceptible ROC22 and resistant FN39 infected by Sorghum mosaic virus. Up and down respectively
represent up- and down-regulated differentially expressed miRNAs
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variety-specific differentially expressed miRNAs was 7
and 18 for ROC22 and FN39, respectively.

Targets of miRNA prediction

Based on our previous transcriptome data of sugarcane
[16, 17], a total of 1,037 target genes of 132 identified
miRNAs were predicted. After comparing the predicted
target gene sequences with Non-Redundant Protein
Sequence Database (NR), Swiss-Prot, Gene Ontology
(GO), Clusters of Orthologous Groups (COG), Kyoto
Encyclopedia of Genes and Genomes (KEGG), euKary-
otic Orthologous Groups (KOG) and Pfam database by
BLAST software, 650, 388, 516, 174, 114, 313 and 461
target genes were respectively annotated, and the total
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number of annotated target genes was 653 (Table S4).
Among the predicted target genes corresponding to 37
differentially expressed miRNAs, 14 genes were anno-
tated corresponding to the common 14 differentially
expressed miRNAs in both ROC22 and FN39 (Fig. 3A and
Table S5). In addition, 10 and 19 genes were annotated
corresponding to the specific differentially expressed
miRNAs in ROC22 and FN39, respectively (Figs. 3B, C
and Table S5). Most of these target genes were related
to plant stress responses, e.g. ATP-sulfurylase 3 (ATPs-
3) was a key catalytic enzyme in the plant thiometabolic
pathway in response to plant sulfur deficiency stress [18];
autophagy-related protein 8C-like (ATG8c) was involved
in the plant autophagy regulatory pathway, which was
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Fig. 3 Networks showing the interaction between differentially expressed miRNAs and their corresponding predicted target genes. A The common
differentially expressed miRNAs in both ROC22 and FN39. B The specific differentially expressed miRNAs in ROC22. C The specific differentially
expressed miRNAs in FN39. ROC22 and FN39 respectively represent sugarcane mosaic disease-susceptible and -resistant varieties. Red triangles

represent differentially expressed miRNAs, and green circles represent target genes. UN means a hypothetical protein with unknown function. The
description of the annotated target gene follows its gene ID with a red font. PP2Ac, phosphatase 2A-3 catalytic subunit-like; TOM40, translocase of
the outer mitochondrial membrane 40; PRR73, pseudo-response regulator 73; CML32, calcium-binding protein 32; ATPs-3, ATP-sulfurylase 3; SULTR2;1,
sulfate transporter 2;1; SULTR2,2, sulfate transporter 2;2; LAST-3, low affinity sulfate transporter 3-like; oscal, reduced hyperosmolality-induced

Ca** increase 1; GICAT14B, beta-glucuronosyltransferase 14B; PRPL2, 505 chloroplastic ribosomal protein L2; CLAP, clathrin assembly protein; SCL,
scarecrow-like protein; CML10, calmodulin-like protein 10; VDAC2, voltage-dependent anion channel 2; NPF5.10, protein NRT1/PTR family 5.10;
GRF2, growth-regulating factor 2; UCH, ubiquitin carboxyl-terminal hydrolase; RDDP, RNA dependent DNA polymerase; RPBT, DNA-directed RNA
polymerase V subunit 1; ARF6, auxin response factor 6; BCDH BETAT, branched-chain alpha-keto acid decarboxylase E1 beta subunit; MSRA2-1,
peptide methionine sulfoxide reductase A2-1; STR7, rhodanese-like domain-containing protein 7; PILS1, pin-likes 1; TBL31, protein trichome
birefringence-like 31; CYP20-3, peptidyl-prolyl cis—trans isomerase CYP20-3; Alg, alanine—tRNA ligase, chloroplastic; £LP6, elongator complex protein
6; NAC078, NAC domain-containing protein 78; rbcLBP, Rubisco large subunit-binding protein; HOX32, homeobox-leucine zipper protein; NFYC-T,
nuclear transcription factor Y subunit C-1; LCAT, lecithin-cholesterol acyltransferase-like 1; ATG8c, autophagy-related protein 8C-like; ATAD3A, ATPase
family AAA domain-containing protein 3-A; PPR, pentatricopeptide repeat-containing protein; RING/FYVE/PHD-type, RING/FYVE/PHD zinc finger
superfamily protein; PRPS6, 30S chloroplastic ribosomal protein S6; and Luc/l, putative RNA-binding protein Luc7-like 1
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closely related to programmed cell death in allergic reac-
tions [19]. It is important to note that each miRNA had at
least one predicted target gene, and the same predicted
target gene may be regulated by multiple miRNAs. For
example, miR395b was predicted to target ATPs-3 and
low affinity sulfate transporter 3-like (LAST-3) genes,
while calmodulin-like protein 32 (CML32) was assumed
to be targeted by nov_36311 and nov_9377.

GO and KEGG enrichment analysis of target genes

The results of GO enrichment analysis showed that 516
predicted target genes of miRNAs in the two sugarcane
varieties involved in 40 GO terms. It should be pointed
out that, for ROC22, 25 predicted target genes corre-
sponding to 19 differentially expressed miRNAs par-
ticipated in 26 GO terms, while for FN39, 33 predicted
target genes corresponding to 30 differentially expressed
miRNAs related to 28 GO terms. They were mainly
enriched in cellular component, catalytic activity, meta-
bolic process, cellular process and single-organism pro-
cess (Fig. 4). KEGG enrichment analysis showed that
7 predicted target genes corresponding to 8 differen-
tially expressed miRNAs were enriched in 9 pathways,
including mRNA surveillance pathway, valine, leucine
and isoleucine degradation, plant-pathogen interaction,
aminoacyl-tRNA biosynthesis, regulation of autophagy,
glycerophospholipid  metabolism, selenocompound
metabolism, sulfur metabolism and purine metabolism
(Table 1), suggesting that these pathways and their related
genes may play a role in ROC22 and FN39 response to
SrMV infection.

Clustering of the expression pattern of differentially
expressed miRNAs

Hierarchical clustering result showed that the expres-
sion patterns of the 37 differentially expressed miRNAs
in 12 sRNA-seq samples were clustered in two clades
(Fig. 5A). Among them, the transcript abundance of 27
differentially expressed miRNAs in clade A was rela-
tively low (green color), while 10 in clade B was high
(red color). The predicted target genes of miRNAs in
clade A were mainly enrichmented in the GO terms of
membrane, chloroplast stroma, sequence-specific DNA
binding, sequence-specific DNA binding transcription
factor activity, transmembrane transport, determina-
tion of bilateral symmetry, double fertilization forming a
zygote and endosperm (Fig. 5B). In clade B, the miRNAs
targeted genes mainly enrichmented in the GO terms of
rRNA binding, transferase activity, secondary active sul-
fate transmembrane transporter activity, large ribosomal
subunit, translation, and sulfate transport (Fig. 5C). These
results indicated that miRNAs with different expression
abundances may exhibit different roles in regulation of
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their target genes involved in various biological processes
during the interaction between sugarcane and STMV.

Validation of miRNAs by qRT-PCR analysis

To verify the reliability of the sequencing results, the
expression level of nine differentially expressed miRNAs
(i.e. miR165a-3p, miR812f, miR1510b-5p, nov_3741,
nov_9377, nov_28432, nov_20472, miR396a-5p and
miR9492) were randomly selected for the qRT-PCR
test (Fig. 6A). The transcript levels of selected miRNAs
via qRT-PCR analysis (log, scale) had a high correlation
(R?=0.842) with that of the sRNA-seq data using the
same samples (Fig. 6B).

miRNAs and their target genes showed diverse expression
patterns in ROC22 and FN39 infected by SrMV
The expression level of 12 randomly selected differen-
tially expressed miRNAs and their corresponding 15 pre-
dicted target genes were analyzed in SMD-susceptible
ROC22 and -resistant FN39 before and after infection
by StMV (Fig. 7). The results showed that the expression
patterns of these miRNAs in the two sugarcane varieties
were divided into two types, consistent and inconsistent.
Regarding the 8 miRNAs with consistent expression
patterns in the SMD-susceptible and -resistant varie-
ties, 6 miRNAs, miR396a-5p, miR812f, miR1510b-5p,
miR9492, nov_9377 and nov_20472, were significantly
up-regulated in both varieties (Fig. 7A). In ROC22,
miR1510b-5p had the highest expression level, which was
10.81-times that of the control. Interestingly, the expres-
sion level of miR812f in FN39 was 476.33-times that
of the control. The other two miRNAs (nov_3741 and
nov_40875) were significantly down-regulated in the two
varieties, of which the expression level of nov_3741 in
ROC22 was 2.81 x 10~*-times that of the control (Fig. 7B).
In addition, among these 8 miRNAs, the expression pat-
terns of miR396a-5p, miR812f, miR1510b-5p, nov_9377
and nov_20472 were opposite to that of their target genes
ubiquitin carboxyl-terminal hydrolase (UCH), 30S plastid
ribosomal protein S6 (PRPS6), nuclear transcription fac-
tor Y subunit C-1 (NFYC-I), pseudo-response regulator
73 (PRR73) and ATG8c, suggesting that there may be a
negative regulation relationship between these 5 miR-
NAs and their corresponding target genes. For exam-
ple, miR9492 and its target gene CMLIO may exhibit
a positive regulatory relationship in ROC22, however
there was a negative regulatory relationship in FN39. It
is worth noting that nov_3741 and nov_40875 may both
play a positive regulatory role in their target genes 50S
chloroplastic ribosomal protein L2 (PRPL2) and elonga-
tor complex protein 6 (ELP6) in the two varieties, whose
expression level was all down-regulated.
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Fig. 4 Gene Ontology (GO) enrichment analysis for the predicted target genes corresponding to differentially expressed miRNAs in susceptible

ROC22 (A) and resistant FN39 (B) infected by Sorghum mosaic virus. The GO terms were categorized according to biological process, cellular

component and molecular function. The left ordinate represents the percentage of predicted target genes, the right ordinate represents the

number of predicted target genes, and the abscissa is the 40 GO function classification items

Besides, the expression level of miR165a-3p in ROC22

was the highest, which was 4.84-times that of the con-

As for the other 4 miRNAs, miR165a-3p, miR395b,

nov_28432 and nov_22650

, with inconsistent expres-

sion patterns in SMD-susceptible and -resistant vari-

trol, while there was little difference in the expression

level (0.35-0.72-times) of the four miRNAs in FN39. It
is thus speculated that miR165a-3p and miR395b may

eties, were all significantly up-regulated in ROC22,

but significantly down-regulated in FN39 (Fig. 7C).



Su et al. BMC Plant Biology (2022) 22:247

Page 7 of 19

Table 1 KEGG enrichment analysis of the predicted target genes corresponding to differentially expressed miRNAs in susceptible

ROC22 and resistant FN39 infected by Sorghum mosaic virus

Variety Pathway Pathway ID Enrichment Q-value Predicted target geneID miRNA ID
factor
ROC22  mRNA surveillance pathway ko03015 19.00 03158  CL9Contig5 unconservative_Sugarcane_
Unigene_BMK.66937_28432
Valine, leucine and isoleucine ko00280 19.00 0.3158 CL21518Contig1 conservative_CL21518Con-
degradation tig1_10252
Selenocompound metabolism  ko00450 19.00 0.3158 Sugarcane_Unigene_ conservative_Sugarcane_Uni-
Sulfur metabolism k000920 6.33 09098 ~ BMKS53035 gene_BMK.11814_18991;
. ) conservative_Sugarcane_Uni-
Purine metabolism ko00230 2.71 1.0000 gene_BMK 2382420400
Plant-pathogen interaction ko04626 6.33 0.9098  @i35101728 conservative_CL26672Con-
tig1_15829
FN39 Aminoacyl-tRNA biosynthesis ko00970 15.20 04605 Sugarcane_Unigene_ unconservative_T3_Unigene_
BMK.73427 BMK.49787_40875
Regulation of autophagy ko04140 15.20 04605  CL7998Contig1 unconservative_Sugarcane_
Unigene_BMK.24423_20472
MRNA surveillance pathway ko03015 15.20 04605  CL9Contig5 unconservative_Sugarcane_
Unigene_BMK.66937_28432
Selenocompound metabolism  ko00450 15.20 04605  Sugarcane_Unigene_ conservative_Sugarcane_Uni-
Sulfur metabolism k000920 507 10000 ~ BMK53035 gene_BMK.11814_18991;
) ) conservative_Sugarcane_Uni-
Purine metabolism ko00230 2.17 1.0000 gene_BMK.23824_20400
Glycerophospholipid metabo- ko00564 5.07 1.0000 T3_Unigene_BMK.1340 conservative_T1_Unigene_

lism

BMK.40479_34605

KEGG enrichment analysis was referred to the report of Kanehisa et al. [20]. Conservative and unconservative IDs represent known and novel miRNAs, respectively

negatively regulate their target genes Rubisco large
subunit-binding protein (rbcLBP) and ATPs-3/LAST-3
in both varieties, while nov_22650 and nov_28432 may
play a positive regulatory role in their target genes
auxin response factor 6 (ARF6) and phosphatase 2A-3
catalytic subunit-like (PP2Ac) in ROC22 but a negative
regulatory mode in FN39.

Preliminary observation on immune response of three
candidate sugarcane miRNAs by transient overexpression
To assess the functions of sugarcane miRNAs, three can-
didate differentially expressed novel miRNAs (nov_3741,
nov_22650 and nov_40875) of the above six tested novel
miRNAs, whose predicted target genes (PRPL2, ARF6
and ELP6) may be involved in chloroplast function regu-
lation, auxin and ABA signaling pathways, were cloned
and identified. The precursor sequences of nov_3741,
nov_22650 and nov_40875 with lengths of 244 bp, 245 bp
and 116 bp were isolated from ROC22 leaf infected by
SrMV (Fig. 8A and Fig. S2). After transient overexpres-
sion of nov_3741, nov_22650 and nov_40875, the hydro-
gen peroxide (H,O,) content and the expression level
of tobacco immune-related marker genes in N. bentha-
miana leaves were analyzed (Figs. 8B, C, D). The results
showed that the transcription level of three miRNAs in
N. benthamiana leaves was significantly increased after
2 days of injection (Fig. 8B). The 3,3’-diaminobenzidine

solution (DAB) staining colors of the leaves overex-
pressed 35S::3741, 358:22650 and 35S:40875 were
darker than those of the control (35S::00) (Fig. 8C), indi-
cating the accumulation of H,0O, content and the exhibi-
tion of allergic reaction. In addition, the expression level
of hypersensitive response (HR) marker genes (HSR203
and HSR515), salicylic acid (SA) pathway-related gene
(PR-1a/c) and ethylene (ET) synthesis-depended gene
(EFE26) was increased in 35S:3741 leaves (Fig. 8D).
Whereas in 358::22650 and 35S::40875 leaves, the expres-
sion level of HR marker genes (HSR203 and HSR515) and
ET synthesis-depended genes (EFE26 and Accdeaminase)
was increased, and that of the SA-responsive genes (PR-
la/c and PR2) was decreased (Fig. 8D). These results
suggest that nov_3741, nov_22650 and nov_40875 may
be involved in regulating the transcription levels of
RNA transcripts to confer the early immune response to
plants.

Discussion

In this study, 132 sugarcane miRNAs with a main
length of 21 nt and 24 nt were identified by sSRNA-seq
(Fig. 1), which was consistent with the reports of Baul-
combe [21] and Jin et al. [22]. The mature miRNA is
cleaved by the dicer enzyme with a specific restriction
site. Researches have shown that the preferred base of
mature miRNAs is mainly A/U, and the miRNAs with
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Fig. 5 The expression clustering result of the 37 differentially expressed miRNAs and Go enrichment analysis of their predicted target genes in

susceptible ROC22 and resistant FN39 infected by Sorghum mosaic virus (STMV). A The expression clustering result of the 37 differentially expressed
miRNAs. Each row represents a single miRNA, and each column represents a miRNA library. S1-53 represent the healthy leaf samples of ROC22;
S4-S6 represent the leaf samples of ROC22 infected by SrMV; S7-S9 represent the healthy leaf samples of FN39; S10-512 represent the leaf samples
of FN39 infected by SrMV. Conservative and unconservative IDs represent known and novel miRNAs, respectively. Clade B with red color indicates a
high abundance of miRNA, and clade A with green color for the opposite situation. B and C Go enrichment analysis of the predicted target genes
of differentially expressed miRNAs in clade A and clade B. The number of target genes were shown on the right of Go terms
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resistant FN39 infected by Sorghum mosaic virus through gRT-PCR analysis. A The miRNAs and their target genes were all up-regulated in both
varieties. B The miRNAs and their target genes were all down-regulated in both varieties. C The miRNAs and their target genes showed inconsistent
expression patterns in susceptible and resistant varieties. CK and SrMV represent the virus-free sample (control group) and SrMV-infected plants
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difference, as determined by the least-significant difference test (p-value < 0.05). rbcLBP, Rubisco large subunit-binding protein; UCH, ubiquitin
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the 5" terminal nucleotide as A/U can specifically bind  this study are representative and will enrich the sugar-
to AGO4/AGO1, respectively [14, 15]. The 5’ terminal  cane miRNA library. As shown in Fig. 6, the correlation
nucleotide of the sugarcane 21 nt miRNAs was mainly  between the sSRNA-seq and qRT-PCR experiments was
biased towards U, while that of the 24 nt miRNAs was A R?>=0.842, which was similar to the report of Bukhari
(Fig. 1), indicating that the miRNA sequencing data in et al. [23] (R*=0.873). A discrepancy was found

(See figure on next page.)

Fig. 8 Analysis of immune effects induced by transient overexpression of three candidate sugarcane miRNAs in Nicotiana benthamiana.

A PCR products of the three candidate sugarcane pre-miRNAs detected by electrophoresis in the same gel. M, DNA marker 15,000 42,000 bp;
1, pre-nov_3741; 2, pre-nov_22650; and 3, pre_nov_40875. B The transcript of three candidate miRNAs in N. benthamiana leaves at 2 d after
agroinfiltration by gRT-PCR analysis. C DAB staining in N. benthamiana leaves infiltrated by Agrobacterium tumefaciens for 2 d. D The transcript of
the immune-related marker genes at 2 d after agroinfiltration by gRT-PCR analysis, including the hypersensitive response marker genes HSR201,
HSR203 and HSR515, the salicylic acid-responsive genes NPR1, PR-1a/c, PR2 and PR3, and the ethylene synthesis-depended genes £FFE26 and
Accdeaminase. EFT-a was used to normalize the transcript level. All data points are the means & SE (n = 3). Different lowercase letters indicate a
significant difference (p-value < 0.05). 355::00 represents the A. tumefaciens strains carrying the empty vector pPCAMBIA1301. 355::3741, 355:22650
and 35S5:40875 represent the A. tumefaciens strains carrying the recombinant vector pCAMBIA1301-nov_3741, pCAMBIA1301-nov_22650 and
pCAMBIA1301-nov_40875, respectively
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between the two detection methods. However, this dis-
crepancy was often observed in previous researches [23,
24], which may probably be due to the different sensitiv-
ity and specificity of the two methods [25]. Overall, the
results indicated that high-throughput sequencing was
a powerful tool for discovering novel and differentially
expressed miRNAs.

As reported, plant miRNAs achieve their own func-
tions mainly by regulating the expression of target
genes [21]. In this study, among the 68 annotated target
genes corresponding to 37 differentially expressed miR-
NAs, 7 were significantly enriched into mRNA surveil-
lance pathway, selenocompound metabolism, valine,
leucine and isoleucine degradation, aminoacyl-tRNA
biosynthesis and autophagy pathways (Table 1), sug-
gesting that these genes regulated by the differentially
expressed miRNAs may play an important role in the
response of sugarcane to StMV infection. The splic-
ing or translation of target genes guided by miRNAs
mainly depends on the complementary degree between
miRNA sequence and the corresponding target gene
sequence [26]. There is usually a negative regulatory
relationship between miRNA and its target gene [26].
In our study, the expression patterns of miR165a-
3p, miR395b, miR396a-5p, miR812f, miR1510b-5p,
nov_9377, nov_20472 and their target genes were
opposite in response to SrMV infection in the two
sugarcane varieties (Fig. 7), indicating that these miR-
NAs may realize their regulatory functions by shear-
ing the target genes. The regulation modes of miR9492,
nov_22650 and nov_28432 in the expression level of
their target genes in the two sugarcane varieties was
different, with a positive regulatory role in ROC22 and
a negative regulatory role in FN39 (Fig. 7). This incon-
sistence has also been observed in the miRNA studies
of sugarcane [27] and Oryza sativa [28] respectively in
response to Sporisorium scitamineum and Rice black-
streaked drawf virus (RBSDV) infections, however the
specific regulatory mechanism remains elusive. The
expression level of nov_3741 and nov_40875 and their
target genes PRPL2 and ELP6 were all down-regulated
in both two sugarcane varieties (Fig. 7), suggesting that
nov_3741 and nov_40875 may positively regulate the
expression of PRPL2 and ELP6 in sugarcane during
SrMV infection.

In plant disease resistance, the speed of the signal rec-
ognition, and the effectiveness of defense response in the
host after pathogen infection may be the main differ-
ences between plant disease-resistant and -susceptible
genotypes. In view of this, the plant resistance-related
pathways involved in the 15 sugarcane target genes cor-
responding to 12 candidate differentially expressed miR-
NAs were analyzed as follows:
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Protein degradation pathway

There are two protein degradation pathways in plants,
including the ubiquitin-proteasome system (UPS)
or ubiquitin-proteassome pathway (UPP) and plant
autophagy [29]. Dantuma et al. [30] showed that viruses
can evade the monitoring of the host immune system
through the UPP, thus promoting the replication and
release of viruses, and blocking or inhibiting the degrada-
tion of viral proteins by UPP. In this study, miR396a-5p
was predicted to target a deubiquitinase gene UCH. In
the SMD-susceptible and -resistant varieties infected by
SrMYV, the expression level of miR396a-5p was increased
(3.31- and 1.51-times), while that of the UCH gene was
inhibited (Fig. 7A), suggesting that miR396a-5p may be
involved in UCH-mediated protein degradation path-
way. Autophagy is highly conserved in eukaryotes and
involves in plant immunity against invading patho-
gens, regulation of plant cell death and antimicrobial
defences [29, 31]. ATGS is a reliable autophagy marker
protein and can be used to track the whole process of
autophagy from early membrane expansion to final
vacuole degradation [32]. Here in our study, nov_20472
was predicted to target ATGS8c. In both sugarcane sus-
ceptible and resistant varieties, the expression level of
nov_20472 was increased (2.56- and 1.64-times), while
that of the ATG8¢ was decreased (0.53- and 0.48-times)
(Fig. 7A). These results suggest that autophagy may be
induced by SrMYV infection, involving a negative regula-
tory relationship between nov_20472 and its target gene
ATGS8c in both sugarcane varieties during response.
There are various ATG-related genes in autophagy, such
as OsATG8a-OsATGS8i in the genome of O. sativa [33].
ATGS orthologs in higher eukaryotes are known to act
at different steps of autophagy [34], however the role of
ATGS8s and autophagy pathway in sugarcane response to
SrMV attack needs to be further investigated.

Plant hormone signal transduction pathway

Plant hormones, such as auxin, jasmonic acid (JA), SA
and abscisic acid (ABA), can participate in the regulation
of plant growth and development and adversity stress
response [35]. In this study, nov_22650 was predicted to
target the ARF6 gene, and their expression level in the
two sugarcane varieties infected by SrMV is quite dif-
ferent (Fig. 7C). In ROC22, the expression level of both
nov_22650 and ARF6 was increased (3.38- and 1.52-
times). However, the expression level of nov_22650 was
decreased (0.41-times) and ARF6 was increased (2.13-
times) in FN39. Auxin/indole-3-acetic acid inducible
gene (AUX/IAA), a primary auxin-responsive gene, can
be rapidly accumulated after auxin stimulation and nega-
tively regulate auxin signal transduction [36]. Padmanab-
han et al. [37] found that Tobacco mosaic virus (TMV)
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replicase protein could interact with the Arabidopsis
AUX/IAA protein and induce specific disease symptoms.
Tiwari et al. [38] validated that AUX/IAA protein formed
homologous or heterodimers with auxin response factor
(ARF), thereby affecting the expression of downstream
genes and achieving the auxin stimulus response. These
results suggest that nov_22650 may play a negative reg-
ulation role in ARF6 in FN39, but a positive regulation
role in ARF6 in ROC22, which then interferes with the
plants’s auxin response system.

ABA is usually considered as a negative regulatory fac-
tor in plant disease resistance [39]. Zhou et al. [40] have
demonstrated that elongator protein (ELP) plays a key
role in ABA response, oxidative stress and anthocyanin
synthesis in plants. ELP2 gene can rapidly respond to the
immune response after Pst DC3000 infection in Arabi-
dopsis [41]. ELP6, another member of the ELP family, was
predicted to be targeted by nov_40875. The expression
level of nov_40875 and ELP6 was all down-regulated in
sugarcane susceptible and resistant varieties after STMV
infection, among which the transcript level of nov_40875
was 0.76- and 0.24-times of the control, and that of
ELP6 was 0.54- and 0.61-times of the control (Fig. 7B).
It is speculated that nov_40875 may positively regulate
ELP6 expression, which affects sugarcane ABA signal
transduction and participates in the immune response
of sugarcane to SrMV attack. As reported, nuclear fac-
tor Y (NFY) family can respond to ABA stimulation by
interacting with bZIP transcription factors [42]. Palm-
eros-Sudrez et al. [43] found that the overexpression of
Amaranthus hypochondriacus AWNFYC in Arabidopsis
increased the sensitivity of transgenic seedlings to ABA
and affected plant secondary metabolism, growth and
development, and gene expression related to ABA stimu-
lation. In this study, miR1510b-5p was predicted to target
NFYC-1. In sugarcane susceptible and resistant varie-
ties infected by STMYV, the expression level of miR1510b-
5p was increased (10.81- and 3.05-times), and that of
NFYC-1 was suppressed (0.62- and 0.52-times) (Fig. 7A).
It is thus speculated that the up-regulated expression of
miR1510b-5p may negatively regulate the expression
level of its target gene NFYC-1 and interfere with the
response of ABA signaling pathway. Based on the above
findings, we speculated that the differentially expressed
miRNAs reflect the close relationship of the auxin and
ABA signal transduction pathways in sugarcane during
SrMV infection.

Thiometabolic pathway

Sulfur can help to respond to various biotic and abi-
otic stresses in plants [44]. Sulfate transporter (ST) and
ATP sulfurylases (ATPs), including low-affinity sulfur
transporter (LAST) and high-affinity sulfur transporter
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(HAST), are the key proteins and enzymes that partici-
pate in sulfur transport and absorption [18]. Sanda et al.
[45] proved that the sulfite metabolite sulfate is an essen-
tial component for the formation of chloroplast mem-
branes. Sulfate-derived B-1,3-glucan sulfate (PS3) can
cause immune response under TMV infection [46]. In
this study, miR395b was predicted to target both ATPs-
3 and LAST-3. After being infected by SrMV, miR395b
was up-regulated (1.94-times), and ATPs-3 and LAST-3
were down-regulated (0.41- and 0.65- times) in ROC22
(Fig. 7). On the contrary, miR395b was down-regulated
(0.55-times), and ATPs-3 and LAST-3 were up-regulated
(2.52- and 1.39-times) in FN39 (Fig. 7). It is deduced
that there may be a negatively regulated mode between
miR395b and ATPs-3 or LAST-3 gene, which affects the
sulfur metabolism pathway and participates in the pro-
cess of sugarcane response to STMV attack.

Plant-pathogen interaction pathway

Calcium ion (Ca?"), as the second messenger regulating
cell function, is one of the early responses of plants to
pathogen infection [47]. CML is a Ca®>" binding protein
and one of the main Ca' sensors. Ma et al. [48] found
that the innate immune response of ¢m/24-4 mutants in
Arabidopsis under P. syringae infection was weakened
compared with wild type plants. In this study, miR9492
was predicted to target CMLI0. In both sugarcane sus-
ceptible (ROC22) and resistant (FN39) varieties infected
by SrMYV, the expression level of miR9492 was up-regu-
lated (3.16- and 1.97-times), however CMLI10 was up-
regulated (1.94-times) in ROC22 and down-regulated
(0.48-times) in FN39 (Fig. 7A). It is concluded that the
regulation of miR9492 on CMLI0 which is involved
in the Ca®'-mediated signaling pathway was oppo-
site in resistant and susceptible sugarcane varieties in
response to STMV infection. PP2A is involved in plant
metabolism and programmed cell death [49]. It can
dephosphorylate the Bcl-2 protein with anti-apoptotic
activity, inhibit the apoptotic activity of Bcl-2 and pro-
mote cell apoptosis [50]. As an important component
of the PP2A core enzyme, the catalytic subunit PP2Ac
forms a stable PP2A holoenzyme together with other
PP2A subunits, stably exists in cells and plays a dephos-
phorylation function [51]. In this study, nov_28432
was predicted to target PP2Ac. After being infected by
SrMYV, the expression level of nov_28432 and PP2Ac in
ROC22 were up-regulated (2.93- and 1.50-times). In
FN39, the expression level of nov_28432 was decreased
(0.35-times) and that of PP2Ac was increased (1.50-
times) (Fig. 7C), suggesting that the down-regulated
expression of nov_28432 in resistant sugarcane variety
may promote the up-regulated expression of PP2Ac
and enhance the dephosphorylation of sugarcane in the
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process of defense response, thus improving the resist-
ance of FN39 to SrMV infection.

Chloroplast function regulation

Virus infection can destruct the structure and function
of the chloroplast in the cell and thus affect plant photo-
synthesis [52]. The content and activation degree of Ribu-
lose-1, 5-bishosphate carboxylase/oxygenase (Rubisco)
are closely related to photosynthetic rate [53]. In higher
plants, Rubisco consists of eight large subunits (LSUs)
encoded by the chloroplast rbcL gene and eight small
subunits (SSUs) encoded by a nuclear RbcS gene family
[54]. As a molecular chaperone, Rubisco subunit binding
protein (rbcBP) can help complete the correct structural
assembly of rbc polypeptide [55]. In sugarcane infected
by SCSMV, SCSMV P3 protein interacted with Rubisco
large subunit to inactivate Rubisco, resulting in chloro-
plast dysfunction and mosaic disease [56]. In this study,
miR165a-3p was predicted to target rbcLBP. In ROC22
infected by SrMYV, the expression level of miR165a-
3p was increased (4.84-times) and that of rbcLBP was
decreased (0.46-times). Conversely, the expression level
of miR165a-3p was decreased (0.72-times) and that of
rbcLBP was increased (1.59-times) in FN39 (Fig. 7C). It
is inferred that the up-regulated expression of miR165a-
3p in the susceptible sugarcane variety may negatively
regulate the expression level of rbcLBP, which then inter-
fere with the normal function of the chloroplast and
make ROC22 more prone to mosaic disease than FN39.
In addition, chloroplast ribosomes are mainly composed
of the 30S and 50S subunits, including 59 plastid ribo-
somal proteins (PRPs) [57]. In this study, miR812f and
nov_3741 were predicted to target PRPS6 and PRPL2,
respectively. Among them, the transcripts of nov_3741
and PRPL2 were decreased in both ROC22 and FN39
infected by SrMV (Fig. 7B), suggesting that PRPL2 may
be positively regulated by nov_3741 and participate in
the protein synthesis pathway of sugarcane chlorophyllin.
Besides, the expression level of miR812f was significantly
up-regulated in the two sugarcane varieties (2.46- and
476.33-times), but its target gene PRPS6 was slightly
down-regulated (0.96- and 0.95-times) (Fig. 7A), indicat-
ing that miR812f may positively regulate PRPS6 expres-
sion and affect the chloroplast function.

It is generally recognized that, after pathogen infec-
tion, the HR response will be triggered in plants [58].
H,0, is an important signaling molecule in plant
stress response. SA can affect H,O, accumulation
and induce plant disease resistance and allergic reac-
tion by regulating the changes of key enzymes in plant
defense response [58]. In addition, ET signaling plays
an important role in programmed cell death in plants
[59]. In this study, the DAB staining colors in tobacco
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leaves transiently overexpressed sugarcane nov_3741,
nov_22650 and nov_40875 were darker than the control
leaves (Fig. 8C), indicating that H,O, content was accu-
mulated and HR response appeared early. In addition,
the overexpression of these three miRNAs induced the
expression of immune related marker genes in tobacco
(Fig. 8D). Notably, nov_40875 was predicted to target
NAC domain-containing protein 78 (NACO078), peptide
methionine sulfoxide reductase A2-1 (MSRA2-1), pep-
tidyl-prolyl cis—trans isomerase CYP20-3 (CYP20-3)
genes and so on (Fig. 3). NAC proteins are plant spe-
cific transcriptional factors that are involved in biotic
and abiotic stresses. Transient expression of Glycine
max GmNAC6 gene promoted cell death and hyper-
sensitive-like responses in soybean [60]. MSRA2-1 is
an important antioxidant gene which can participate in
oxidative stress [61]. CYPs (cyclophilins) are ubiquitous
proteins of the immunophilin superfamily with pro-
posed functions in protein folding, protein degradation,
stress response and signal transduction [62]. nov_22650
was predicted to target ARF6 (Fig. 3). Tian et al. [63]
showed that the H,0O,-induced oxidation enhanced
BRASSINAZOLE-RESISTANT1 (BZR1)-binding affin-
ity with ARF6 and mediated signaling crosstalks with
plant hormone signaling. From all the above, sugarcane
nov_3741, nov_22650 and nov_40875 may not only tar-
get PRPL2, ARF6 and ELP6 genes, but also participate
in the regulation of chloroplast function, auxin and
ABA signaling pathways. Moreover, these three sugar-
cane miRNAs may function in plant immune response
by targeting other mRNAs. Further studies should be
conducted to verify the targeting regulatory relations
between these sugarcane miRNAs and their target
genes in double-luciferase reporter gene assay, stable
transgenic plants, Northern and Western blotting, etc.

Conclusions

In the present study, a database of miRNAs for sugar-
cane response to SrMV infection was constructed. A
total of 132 mature miRNAs were identified and 1,037
target genes were predicted. After being infected by
SrMV, the number of differentially expressed miRNAs
in SMD-resistant variety FN39 (30) was more than that
in SMD-susceptible variety ROC22 (19). KEGG enrich-
ment analysis showed that these target genes corre-
sponding to differentially expressed miRNAs mainly
involved in disease resistance-related pathways, such
as mRNA surveillance, plant pathway interaction, sul-
fur metabolism, and autophagy regulation. A proposed
regulatory network of differentially expressed miRNAs
and their target genes in sugarcane in response to STMV
infection was drawn (Fig. 9). Furthermore, the transient
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Fig. 9 A regulatory network of differentially expressed miRNAs and their predicted target genes in response to Sorghum mosaic virus (StTMV)
infection in sugarcane. UCH, ubiquitin carboxyl-terminal hydrolase; ATG8c, autophagy-related protein 8C-like; ARF6, auxin response factor 6; ELP6,
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overexpression showed the involvement of three candi-
date sugarcane novel miRNAs (nov_3741, nov_22650
and nov_40875) in plant immune responses on tobacco
leaves. These results will enrich the sugarcane miRNA
library and provide disease resistance genes for breed-
ing sugarcane varieties resistant to mosaic disease by
genetic engineering.

Methods

Plant materials and treatment

The SMD-susceptible sugarcane variety ROC22 and
-resistant variety FN39 [64] were provided by the Key
Laboratory of Sugarcane Biology and Genetic Breed-
ing, Ministry of Agriculture and Rural Affairs (Fuzhou,

China). Referring to the method of Ling et al. [16], the
youngest fully expanded leaf viz+1 leaf with a visible
dewlap (the collar between the leaf blade and sheath)
of the nine-month-old sugarcane healthy plants and
the plants with mosaic symptoms of these two varieties
were selected in the field. After detection by reverse
transcription-PCR (RT-PCR) and PCR, the sugar-
cane plants without SCMV, SrMV, SCSMYV, Suagracne
yellow leaf virus (ScYLV) and Sugarcane bacilliform
virus (SCBV) were used as the control group, and the
plants only infected by STMV were used as the treat-
ment group. Then the stems of the control and treat-
ment groups were cut into single-bud stem sections,
and cultivated in the greenhouse. At 6-to-8 leaf stage,
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the+1 and + 2 leaves of virus-free (control group) and
SrMV-infected plants with mosaic symptoms (treat-
ment group) were harvested. Each sample contained
three biological replicates, and each biological replicate
contained three plants. All the collected samples were
tested by RT-PCR to verify the presence or absence of
SrMV [65].

Total RNA extraction, small RNA library construction

and sequencing

For ROC22, the samples of control groups were labeled
as S1-S3, and those of the treatment groups were labeled
as S4-S6. For FN39, the samples of control groups were
marked as S7-S9, and those of the treatment groups
were marked as S10-S12. Total RNA was extracted from
the above 12 samples using Trizol reagent (Invitrogen,
Shanghai, China). Nanodrop, Qubit 2.0 and Agilent 2100
bioanalyzer were used to detect the purity, concentra-
tion and integrity of RNA samples. Before cDNA syn-
thesis, the genomic DNA was removed according to the
instructions of the RNase-Free DNase I kit (Promega,
Fitchburg, WI, USA). Then the RNA was reversed into
the first strand of cDNA referred to the instructions of
Prime-Script " RT Reagent Kit (TaKaRa, Dalian, China).
The sequencing (HiSeq2500) and library construction of
sugarcane small RNAs were commissioned by Biomarker
Biotechnology Co., Ltd. (Beijing, China). The read length
was 50 nt.

Sequencing data processing and analysis

After sRNA-seq, low quality reads, unrecognized reads
with an unknown base content>10%, reads without 3’
linker sequences or insert fragments, reads containing
ploy A/T/C/G, and the length of reads * 18 nt or>30 nt
were removed. Bowtie software [66] was used to com-
pare the obtained clean reads with the database of Silva
(https://www.arb-silva.de/), Rfam (http://rfam.xfam.
org/), GtRNAdb (http://lowelab.ucsc.edu/GtRNAdb/)
and Repbase (http://www.girinst.org/repbase/), and non-
coding RNA (ncRNA) and Repbase were filtered. Then
the unannotated reads which contained miRNAs were
obtained. Due to the limited number of sugarcane miR-
NAs in the miRBase database, the filtered reads with
length of 18—-30 nt were compared with the pre-miRNA
and mature miRNA sequences in the public miRBase
database (http://www.mirbase.org/) by miRDeep2 soft-
ware [67] to identify the known miRNAs (conservative
miRNAs). The unaligned sequences were filtered and
extended to predict the miRNA structure and analyze
the novel miRNAs (nonconservative miRNAs). Then the
length distribution, base preference, and family members
of the identified miRNAs were counted. In addition, the
BLAST tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi)
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was used to compare all miRNAs with the STMV genome
(GenBank accession number: NC_004035.1).

Analysis of differentially expressed miRNAs

In order to eliminate the influence of the difference
in sequencing amount between different samples, the
miRNA expression quantity in each sample was normal-
ized using the calculation formula of transcripts per mil-
lion (TPM) [68]. Then the expression pattern of miRNA
in the sample was analyzed. The logarithms of TPM cor-
responding to the sample and the probability density
were respectively represented by abscissa and ordinate,
and the overall distribution map of miRNA expres-
sion was drawn. The differentially expressed miRNAs
between the treatment and control groups were screened
by DESeq software [69] with the criteria of |log, (fold
change, FC)|> 1 and false discovery rate (FDR) <0.05.

Prediction and functional annotation of miRNA target
genes

Based on our previous transcriptome data of sugarcane
[16, 17], the target genes of the identified miRNAs were
predicted by TargetFinder v1.6 software [70]. When
the score was less than or equal to 3, the transcript was
considered as the target gene. BLAST software (https://
blast.ncbi.nlm.nih.gov/Blast.cgi) was used to compare
the predicted target gene sequence with the database of
NR (ftp://ftp.ncbi.nih.gov/blast/db/), Swiss-Prot (http://
www.uniprot.org/), GO (http://www.geneontology.org/),
COG  (http://www.ncbi.nlm.nih.gov/COG/), KEGG
(http://www.genome.jp/kegg/), KOG (http://www.ncbi.
nlm.nih.gov/KOG/) and Pfam (http://pfam.xfam.org/) to
obtain the annotation information of the predicted tar-
get genes. And the predicted target genes were subjected
to GO (http://www.geneontology.org/) enrichment and
KEGG (http://www.genome.jp/kegg/) pathway [20]
analyses. Networks between the differentially expressed
miRNAs and their corresponding target genes were con-
structed by Cytoscape software (v3.9.0).

Cluster analysis of differentially expressed miRNAs

Based on the log;, (TPM+ 1) values of the 37 identified
differentially expressed miRNAs in 12 sRNA-seq sam-
ples, the miRNAs with similar expression patterns were
clustered by using R package Heatmap version 1.0. Then,
Go enrichment analysis of the predicted target genes of
these miRNAs (Table S5) with high and low expression
abundances was performed, respectively.

gRT-PCR analysis of miRNAs and their target genes
expression

Referring to the sampling method of sRNA-seq,
the+1 and +2 leaves of virus-free (control group) and
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SrMV-infected plants with mosaic symptoms (treatment
group) were used for expression analysis of miRNAs
and their corresponding target genes. For the detec-
tion of miRNA expression, the leaf RNA was reversed
into cDNA with the RT primers of the selected miR-
NAs (Table S6) according to the instructions of TagMan
MicroRNA Reverse Transcription Kit (Applied Biosys-
tems, Foster, CA, USA). The cDNA used to detect the
expression level of predicted target gene was synthe-
sized by Prime-Script ' RT Reagent Kit (TaKaRa, Dalian,
China). qRT-PCR primers of 12 randomly selected dif-
ferentially expressed miRNAs were designed accord-
ing to the method of Varkonyi-Gasic et al. [71] (Table
S6). miR159 was used as an internal reference gene [13],
and the expression of miRNAs was detected by stem-
loop method [72]. The correlation of qRT-PCR (log,
scale) and sequencing data of the miRNAs was analyzed
by scatter plot. Based on the sequences of 15 predicted
target genes corresponding to the 12 miRNAs, NCBI
Primer designing tool (https://www.ncbi.nlm.nih.gov/
tools/primer-blast/) was applied to design their qRT-
PCR primers (Table S7). The PP2A gene was served as
an internal reference gene [13]. ABI 7500 Fast Real-time
PCR amplification system (Applied Biosystems, Foster,
CA, USA) was used for qRT-PCR analysis of miRNAs
and their corresponding target genes. The qRT-PCR sys-
tem (20 pL) contained 10 pL SYBR Primix Ex Taq"" (2 x),
0.8 puL 10 pmol/L forward/reverse primer, 2.0 pL cDNA
and 6.4 pL ddH,O. The qRT-PCR program was 50 °C
2 min, 95 °C 10 min, 95 °C 15 s and 60 °C 1 min for 40
cycles. Three biological and technical replicates were set
for each sample, and sterile ddH,O was used as the blank
control. The qRT-PCR data was calculated by the 274ACt
algorithm [73], and DPS software was used to analyze the
significant difference of the data (p-value <0.05).

Cloning and transient expression analysis of candidate
sugarcane miRNAs

According to the precursor sequences of three candidate
novel miRNAs, nov_3741, nov_22650 and nov_40875,
their cloning primers were designed using the NCBI
Primer designing tool (Table S8). The cDNA of ROC22
leaf infected by STMV was synthesized by Prime-Script""
RT Reagent Kit (TaKaRa, Dalian, China) and used for
the miRNA cloning. The PCR reaction system (25 pL)
contained 2.5 pL 10 x Ex Taq buffer, 2.0 pL. 10 mmol/L
dNTPs, 1.0 pL 20 umol/L forward/reverse primer, 0.125
uL Ex Taq enzyme (TaKaRa, Dalian, China), 1.0 uL cDNA
template and 17.375 pL ddH,O. The PCR program was
94 °C 4 min, (94°C 305,55 °C 30s, 72 °C 30 s) 35 cycles,
72 °C 10 min. The PCR products were verified by electro-
phoresis, purification, cloning and sequencing.
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Primers of nov_3741, nov_22650 and nov_40875 (Table
S8) for constructing the plant overexpression vectors, and
the three plasmids of the cloned pre-miRNAs were used
for PCR amplification. Then the purified PCR products
and the plasmids of plant overexpression vector pPCAM-
BIA 1301 were digested with the enzymes BamH I and
Spe I and ligated with T4 ligase to construct the recom-
binant plasmids. The positive plasmids verified by double
enzyme digestion were transferred into Agrobacterium
GV3101 cells (35:3741, 35:22650 and 35::40875), and
the Agrobacterium contained the empty vector pCAM-
BIA 1301 was used as the control (35::00). According to
the transient overexpression method [74], the Agrobacte-
rium solution with a concentration of ODgy,=0.8 (plus
200 pmol/L acetosyringone) in MS liquid medium was
injected into 8-leaf-stage N. benthamiana leaves. The
agroinfiltrated plants were cultivated at 24 °C for 2 days
for DAB staining and expression level analysis of the tar-
get genes and nine tobacco immune-related marker genes
[74]. The N. benthamiana immune-related marker genes
were hypersensitive response marker genes HSR201,
HSR203 and HSR515, SA-responsive genes NPRI, PR-
la/c, PR2 and PR3, and ET synthesis-depended genes
EFE26 and Accdeaminase (Table S8). EFI-a was used to
normalize the transcript level (Table S8). The qRT-PCR
system, program and data statistics referred to the above
method of qRT-PCR analysis of target genes expression.
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